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Coupling of Anion Selectivity and Proton Transport in CLC-ec1
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CLC transporters catalyze transmembrane exchange of chloride ions and pro-
tons necessary for pH regulation of key physiological processes. Based on
abundant structural information obtained for a bacterial CLC (CLC-ec1), the
chloride pathway is defined by three anionic binding sites that span the length
of the membrane. Recent results have suggested that protons might be trans-
ported by hopping through water chains between the extracellular and cytoplas-
mic gates in CLC-ce1. A fundamental question concerning the ClC Cl/Hþ
antiporters is the mechanism of proton transport coupled to anion binding.
Cl- binding facilitates functional Hþ transport, while NO3- or SCN- appear
to reduce or completely abolishe Hþ coupling to anion movement. To investi-
gate the coupling mechanism between anion binding to the central binding site
(Scen) and water-mediated proton transport, we first applied free energy pertur-
bation calculations to study the Scen anion selectivity. The binding free energy
of NO3- and SCN- indicates that binding of these ions is unfavorable compared
to Cl- binding. To compare the stability of water wires in the presence of dif-
ferent Scen binding anions, we employed molecular dynamics simulations
starting from a snapshot including a preformed water wire structure, with
Scen occupied by either Cl-, NO3- or SCN-, respectively. The average lifetime
of the water wire is greatly reduced upon the binding of NO3-, while the SCN-
binding breaks the wire immediately by inserting between the water molecules.
Based on these results, we suggest that Scen anion selectivity affects the cou-
pled proton transport in two ways: first, Scen selectivity determines whether the
anion can bind stably; and second, whether the bind anions can support the tran-
sient water wire which is required for conduction of the protons.
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Conformational Changes Outside the Ion Pathway are required for
Transport in a CLC-Type Cl/HD Exchanger
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The CLC proteins catalyze transport of chloride ions (Cl-) through cellular
membranes in muscle, kidney, bone, and neurons. While some CLCs are ion
channels others are Hþ-coupled secondary active transporters mediating the
stoichiometric exchange of 2 Cl- for 1 Hþ. The exchange mechanism of the
CLCs is unclear. All proposed models postulate that the only conformational
changes taking place during transport are the movements of a conserved gluta-
mate’s side chain in and out of the Cl- permeation pathway. This hypothesis is
supported by structural and functional work. However, others have suggested
that regions distal to the Cl- pathway might also be involved in transport.
To test whether transport entails only local or also global rearrangements we
constrained the movement of helices J, O, P and Q, which do not line the Cl-
or Hþ pathways in CLC-ec1, a CLC prokaryotic homologue. If exchange
involves the relative movement of these helices then these constraints should
reduce the transport rate. In a cys-less background we introduced pairs of cys-
teines at different locations in this 4-helix bundle and Hg2þ-crosslinked them.
All unreacted proteins mediate Cl-/Hþ exchange at rates comparable to that of
the WT. Reaction with Hg2þ results in a striking pattern: constraining residues
facing the extracellular side has no effect, while targeting residues deeper in to
the protein induces progressively a more drastic reduction of activity. Finally,
constraints placed close to the intracellular side results in virtually inactive
transporters. This reduction is not due to a Hg2þ-induced distortion of the
Cl- pathway: Cl- binding is preserved as is Cl- transport through a cross-
linked doubly ungated mutant.
Thus we propose that the transport cycle in CLC-ec1 entails the movement of
these helices outside of the Cl- transport pathway.
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A microbial fluoride channel Fluoride ion, which is present at ~100 mM in soil,
water, and marine environments, is a chronic, toxic threat to microorganisms.
But the extent to which microorganisms have evolved protective responses to
F has only been appreciated within the last year, with the discovery of wide-
spread F-binding riboswitch gene regulation, and prokaryotic F export pro-
teins from the CLC superfamily.
Here we describe the overexpression, purification, and functional reconstitution
of a novel riboswitch-associated F channel, which we call Fluc (previously
curated as an unknown-function gene crcB), that is present in prokaryotes,
archaea, and unicellular eukaryotes including fungi and protozoa, as well as
in green plants. Fluc is phyogenetically unrelated to any protein of known func-tion. It has four transmembrane helical spans, and assembles as an oligomer. In
some organisms, Fluc is a homo-oligomer, and in others, the functional Fluc
channel is a mixed multimer of subunits encoded by consecutive FluC genes
in an operon that share low sequence identity. Knockout of genes that encode
Fluc proteins renders organisms much more sensitive to environmental F.
We present functional data for several purified Fluc homologues reconstituted
in liposomes and in planar lipid bilayers, including single channel recordings.
Macroscopic F currents show high selectivity for F over Cl; single channels
show high constitutive open probability, occasional substates, and a main-state
conductiance on the order of 5 pS. The oligomeric structure of Fluc is assessed
by static light scattering in detergent micelles and a functional ‘‘Poisson-dilu-
tion’’ assay in transport-active liposome membranes.
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A newly discovered class of F riboswitch-controlled CLC F/Hþ antiporters
(CLCFs) preferentially transport F over Cl, providing bacteria with a mech-
anism to protect themselves against F toxicity. F selectivity is essential for
function, and how these proteins are capable of selecting F over the much
more abundant Cl is a mystery. It has recently been shown that the preferential
transport of F over Cl by CLCFs is influenced by the ionic environment the
protein experiences. Reconstituted liposomes containing CLCFs are completely
selective for F over Cl in symmetrical Kþ conditions. However, with Kþ in-
side and Naþ outside the liposomes, the protein now transports Cl as well.
These initial observations have led to the discovery that the altered selectivity
is due to the presence of voltage across the liposomal membrane. As the mem-
brane potential hyperpolarizes from 0 mV to200 mV, the rate of F transport
increases 2-fold, while that of Cl transport is steeply voltage-dependent, in-
creasing much more dramatically over the same range. We aim to explore
this finding using the CLCF homologue, CLC-eca, by monitoring anion fluxes
in reconstituted liposomes.
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Osteoporosis, characterized by excessive osteoclast mediated bone resorbtion,
affects millions of people. ClC-7 is a chloride-proton exchanger member of the
CLC protein family localized in lysosomes and in the ruffled border of osteo-
clasts. Loss of function of ClC-7 leads to osteopetrosis, neurodegeneration and
lysosomal storage disease. The osteopetrotic phenotype is explained by the fact
that the ion transport activity of ClC-7 is essential for the osteoclast mediated
bone resorption. Thus, blocking ClC-7 can be expected to provide an effective
treatment of osteoporosis. Here, we describe a purely optical assay of ClC-7
function employing the E2GFP-dsRed Cl/pH sensor1 fused to the C-terminus
of ClC-7, carrying in addition a mutation of a leucine motif at the N-terminus
resulting in a partial redirection of ClC-7 to the plasma membrane2-3. For func-
tional activity, ClC-7 associates with the beta-subunit Ostm14. To ensure the
simultaneous and equivalent expression of ClC-7 and Ostm1, we constructed
a plasmid in which the two cDNAs are linked by a self-cleavable 2AP peptide4.
In addition, we introduced a mutation of the gating glutamate (E245A) which
renders the transporter voltage-independent and abolishes proton transport3.
The assay consists in lowering [Cl]ext and monitoring the resulting decrease
in ClC-7 mediated decrease of [Cl]int by measuring the E2GFP/DSRed fluores-
cence ratio. This simple assay can be applied in HTS and may lead to the design
of specific drugs modulating ClC-7 activity.
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ClC-7 is a voltage-activated 1Hþ:2Cl exchanger that serves a critical yet
somewhat uncertain role in lysosomal membranes of diverse mammalian cell
types. Despite trafficking to acidic vesicles in the cell, proton inhibition is
a functional characteristic of mammalian ClC Hþ/Cl exchangers in general
and of ClC-7 in particular. We sought to dissect the mechanism of proton
